We report on the electrical characteristics of HfO 2 and HfO 2 /Al 2 O 3 gate dielectrics deposited on n-In 0.53 Ga 0.47 As by atomic layer deposition, after in-situ hydrogen or nitrogen plasma surface cleaning procedures, respectively. It is shown that alternating cycles of nitrogen plasma and trimethylaluminum prior to growth allow for highly scaled dielectrics with equivalent oxide thicknesses down to 0.6 nm and interface trap densities that are below 2.5 Â 10 12 cm À2 eV À1 near midgap. It is shown that the benefits of the nitrogen plasma surface cleaning procedure are independent of the specific dielectric. The low dielectric constant of Al 2 O 3 limits scaling of the equivalent oxide thickness (EOT). To reduce the D it , various passivation approaches have been examined in the literature, including treatment with sulfur containing agents, 5, 6 Asdecapping, 7, 8 hydrogen plasma, 9,10 and hydrogenation/nitridization. 11, 12 These approaches have been relatively successful in reducing the midgap D it , lowering the "hump" at negative biases in CV, and producing steep movement in frequency of normalized conductance maxima with gate bias. The EOTs of such well-behaved gate stacks have, however, not yet been aggressively scaled, and accumulation capacitance densities on n-In 0.53 Ga 0.47 As are typically below 2 lF=cm 2 (at 1 MHz). 4, 9, [13] [14] [15] [16] Conversely, more scaled dielectrics exhibit a very large frequency-dependent "hump" at negative biases, 17, 18 characteristic of a large midgap D it , or are pinned before the band bending reaches midgap, as evidenced by failure to reach the depletion capacitance density as determined by the doping level. In this letter, we show that in-situ surface cleaning involving alternating cycles of nitrogen plasma and trimethylaluminum (TMA) pulses prior to ALD of different dielectrics allows for significantly reduced midgap D it and simultaneous scaling of the EOT to well below 1 nm.
Substrates were 300-nm-thick, Samples were transferred to the ALD reactor (Oxford Instruments FlexAL ALD) within a few minutes, and exposed to either alternating hydrogen/TMA or nitrogen plasma/TMA pulses. Each cycle consisted of a hydrogen or nitrogen plasma pulse (20 mTorr H 2 or N 2 , inductively coupled plasma power of 100 W for 2 s), followed by TMA (40 ms), a second hydrogen or nitrogen plasma pulse, followed by 2 s of Ar purge and 10 s of a H 2 or N 2 stabilization step. The benefits of alternating TMA/hydrogen plasma cycles, rather than using only hydrogen plasma, have been discussed elsewhere. 9 The substrate temperature was 300 C. The chamber reactor was at 200 mTorr. The two different surface treatments will be referred to hereafter as hydrogen and nitrogen plasma samples, respectively. A separate study (not shown here) showed that the optimum number of cycles was 5 and 10 for hydrogen plasma and nitrogen plasma, respectively. The larger number of cycles needed for nitrogen plasma cleaning is consistent with reports that hydrogen radicals are more effective in removing surface layers than nitrogen radicals. 19 Increasing the number of cycles beyond the optimum number resulted in a high midgap D it , most likely due to damage to the semiconductor. 20 Al 2 O 3 was deposited using 500 ms of TMA followed by 7 s of Ar gas purge and 500 ms of deionized water followed by 7 s of Ar purge. The reactor was pumped for 7 s, followed by an Ar purge at 200 mTorr for 5 s. TEMAH (tetrakis[ethylmethylamino]hafnium) was used to deposit HfO 2 . Before HfO 2 deposition for HfO 2 / Al 2 O 3 bilayers (Al 2 O 3 being the first layer, interfacing with the In 0.53 Ga 0.47 As) the sample was moved to the load lock, while the reactor was conditioned with 20 cycles of HfO 2 . The growth rates for all dielectrics were $1.1 Å /cycle. After dielectric deposition, samples were annealed in a tube furnace at 400 C for 15 min in forming gas (95% of N 2 and 5% of H 2 ). For MOSCAPs, 80-nm-thick Ni gate electrodes were deposited through a shadow mask by thermal evaporation. CV and conductance-voltage measurements were performed at room temperature and frequencies between 1 kHz and 1 MHz in the dark. The Terman and conductance methods were used to estimate the D it and its distribution in the band gap, as described elsewhere. 1, 21, 22 Figure 1 shows the CV data, conductance maps, and D it distribution, extracted by the Terman method, for MOSCAPs with 3.3-nm-HfO 2 /1.1-nm-Al 2 O 3 bilayer dielectrics. The data shown in Fig. 1 are from samples subjected to hydrogen plasma (left column) or nitrogen plasma (right column
1,2 The nitrogen-plasma MOSCAP also shows a reduced frequency dispersion in accumulation, which may be related to a lower midgap D it . 23 We note that highly scaled gate stacks typically show large frequency dispersion in accumulation, and possible reasons are discussed elsewhere. 23, 24 An estimate for the D it near midgap can be obtained from room-temperature conductance maps, 22 shown in Figs. 1(c) and 1(d), which also indicate how efficient the Fermi-level moves as a function of gate bias. 25 The conductance maps show the normalized conductance peaks, ðG p =AxqÞ max , where G p is the parallel conductance, A is the capacitor area, x is the frequency, and q is the elemental charge. The ðG p =AxqÞ max values are proportional to D it (by approximately a factor of 2.5). 26 They shift more than two orders of magnitude in frequency as the gate bias is changed between 0 and À1 V, which indicates efficient movement of the Fermi-level around midgap in both samples. The lower normalized parallel conductance peak values for the nitrogen plasma sample [ Fig. 1(d) ], and its narrower trace, suggests a lower D it and larger band bending in response to a change in gate bias.
The D it distribution over a wider range of the band gap was quantified by the Terman method, 21 and the results are shown in Figs. 1(e) and 1(f) as a function of band bending. We note that the Terman method provides a more conservative estimate of the D it near the band edges than the temperature-dependent conductance studies, for reasons that are still under debate, but that may include a larger contribution of slow traps to the D it extracted from the Terman method. 1 The insets in Figs. 1(e) and 1(f) compare the ideal band bending with the experimental band bending. For both samples, the band bending exceeds half of the In 0.53 Ga 0.47 As band gap. The midgap D it is, however, significantly different in the two samples. The minimum D it for the hydrogen plasma sample is just below 1 Â 10 13 cm À2 eV À1 at approximately 0.3 eV below the conduction band, whereas for the nitrogen plasma sample, it is 2 Â 10 12 cm À2 eV À1 , which is almost an order of magnitude smaller. The nitrogen plasma clean also results in reduced leakage. 27 The effect of nitrogen plasma cleaning on HfO 2 / In 0.53 Ga 0.47 As interfaces is shown in Fig. 2 . A HfO 2 MOS-CAP with an EOT of $1 nm (5.5 nm physical thickness) cleaned using the hydrogen plasma sequence is shown in the left column of Fig. 2 , and a HfO 2 MOSCAP with an EOT of $0.6 nm (maximum accumulation capacitance density of 2.4 lF/cm 2 at 1 MHz, 4.4 nm physical thickness) cleaned using the nitrogen plasma sequence is shown in the right column. Attempts to further reduce the thickness of the HfO 2 for the hydrogen plasma cleaned MOSCAPs resulted in unacceptably large midgap D it . This is likely caused by poor wetting, which results in air-exposed In 0.53 Ga 0.47 As surfaces that have high D it . Atomic force microscopy images showed that films on hydrogen plasma cleaned surfaces were rougher, consistent with poorer wetting. 27 The HfO 2 on the nitrogen plasma cleaned surface shows higher frequency dispersion in accumulation because of its lower thickness. , which is only slightly higher than that of the HfO 2 /Al 2 O 3 bilayer sample, which also had a slightly higher EOT. We note that in all cases the type of cleaning procedure used had relatively little influence on the D it near the conduction band edge.
In summary, we have shown that pre-deposition in-situ cleaning using alternating cycles of remote nitrogen plasma and TMA allows for scaling of both HfO 2 /Al 2 O 3 bilayers and HfO 2 gate stacks to EOTs approaching 0.5 nm, while maintaining a midgap D it in the low 10 12 cm À2 eV À1 range. Further studies are needed to determine the mechanism(s) by which activated nitrogen acts as a passivation agent, but it is clear from this study that nitrogen is more beneficial than hydrogen radicals. As with other treatments that resulted in improved electrical characteristics of dielectric/In 0.53 Ga 0.47 As interfaces, 28, 29 the improvements are largely with the midgap D it , which appears to be determined by defects in the semiconductor, independent of the specific dielectric. The results also show that interfaces with Al 2 O 3 are not fundamentally superior in terms of achieving low D it than HfO 2 , and thus scaling of high-k/III-V interfaces to sub-0.5 nm EOT by further reducing the HfO 2 thickness or using dielectrics with even higher permittivities than HfO 2 should be feasible.
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